Very high-energy resolution measurements using X-rays can be achieved by extreme backreflection (Bragg angle close to 90 °) from perfect crystals. This technique, combined with the high intensity of X-rays emitted by synchrotron-radiation sources, allowed the development of the instrument INELAX for inelastic scattering experiments. The principles and test results are discussed.
High-energy resolution
Low-energy excitations in solids and liquids can at present be investigated with several excellent energyresolving experimental methods. Experiments utilizing inelastic scattering of neutrons, including spinecho methods, cover a wide range of energy resolution (6E) down to the value 6E = 10 -8 eV for those excitations having a detectable neutron cross section. Ultrasonic measurements can be used to determine the elastic moduli of crystals with sufficient resolution. Light scattering in the Raman and Brillouin regimes are established methods for optically active excitations. These high-resolution experiments extend in energy resolution down to 8E = 10 -8 eV, but only for momentum transfers close to zero. Spectroscopy using the M6ssbauer effect, recently combined with synchrotron radiation (Gerdau, Winkler, Tolksdorf, Klages &Hannon, 1985) , has an energy resolution as low as 6E = 10-1o eV; however, these measurements are limited to excitations close to zero energy transfer (AE < 5 × 10-5 eV).
Very high-energy resolution measurements with X-rays can be made using backscattering geometry. With this technique the direct study of excitations by inelastic scattering of X-rays is possible. One important advantage of this new method is that only small scattering volumes are required, thus, inelastic meas-*Institut Max von Laue-Paul Langevin, 156X, F-38042 Grenoble, France.
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0021-8898/91/061042-09503.00 urements of biological specimens can be made. In addition to the field of phonon studies in solids, excitations in liquids and electronic excitations, which require certain momentum transfers, can be investigated.
Early uses of backscattering geometry
The first proposal for a scattering experiment in a backreflection geometry was given by Bottom (1965) . Almost simultaneously, the first experimental study of such an arrangement was performed with neutrons at the Munich reactor by Alefeld in 1966 . Two major applications of the method were demonstrated at that time. In particular, the precise determination of lattice-parameter changes and the possibility of inelastic scattering with very high-energy resolution. The backscattering technique was further developed for neutron inelastic scattering by Alefeld, Birr & Heidemann (1968) and Heidemann (1970) . Today, this method is used as a standard tool in the neutron research field.
Backscattering of X-rays was first performed by Sykora & Peisl in 1970 and later by several other groups (Freund, 1971; Bottom & Carvalho, 1971; Freund & Schneider, 1972; Okasaki & Kawaminami, 1973a,b; Peisl, 1976) . These experiments used elastic scattering techniques to determine lattice-parameter changes and lattice strains. The use of this method for inelastic X-ray scattering failed at that time because it was realized that the intensity, even from an X-ray generator with a rotating anode, was too low for successful experiments (Dorner & Comes, 1977) . This is because the wavelength had to be selected from the Bremsstrahlen continuum, because no characteristic line was compatible with the lattice spacing of the monochromator at room temperature in backscattering geometry. With the development of synchrotrons, sources of white X-radiation, the situation changed and several groups started projects in Hamburg (Graeff & Materlik, 1982) , Brookhaven (Fujii, Hastings, Ulc & Moncton, 1982; Moncton & Brown, 1983) , Munich Benda, Dorner & Peisl, 1983) and Bayreuth (Egger, Hofmann & Kalus, 1984) with an expected energy resolution of between 5 and 40 meV. Improvements of spectrometers using Fabry-Perot-type interferometers for the monochromator and the analyzer (Steyerl & Steinhauser, 1979) have been proposed to obtain a resolution of 6E = 0.40 meV. For an overview of these activities see Dorner (1984) .
The first experiment to achieve high-energy resolution in an X-ray backscattering experiment was performed by Graeff & Materlik (1982) . They demonstrated an energy resolution of &E= 8 meV with a simple two-crystal arrangement. The Bayreuth group (Egger, Hofmann & Kalus, 1984) achieved a resolution of &E= 42 meV with an experimental set-up at a rotating anode. The Brookhaven group achieved the same resolution in a test experiment at the PEP undulator by Moncton, Hastings, Siddons & Brown (1986) .
Our group has been developing an instrument for inelastic X-ray scattering at the DORIS storage ring of HASYLAB at DESY, Hamburg, since 1983 Benda, Dorner & Peisl, 1983; Dorner, Benda, Burkel & Peisl, 1985; Dorner, Burkel & Peisl, 1986) . The breakthrough for this instrument occurred in 1986 with the first observation of a signal from inelastic scattering by phonons.
It is the aim of this paper to give an overview of the development of the inelastic X-ray backscattering instrument INELAX. In the first paper of the series the principles of INELAX are described. In a second paper the improvements leading to the current INELAX spectrometer located at the HARWI wiggler at HASYLAB are reported and its latest performance is discussed.
Theoretical considerations

Energy resolution
The relation of energy to wavevector magnitude for X-rays leads to the simple expression for the energy resolution, 6E/E=6k/k. 
where a-is the reciprocal-lattice vector and the angle e = 90 °-0 is a measure of the deviation from perfect backscattering. The parameters a-, e and k have uncertainties 6z, 6e and 6k, respectively, associated with them. &z, given by the extension of the reciprocal-lattice point parallel to "r, and 6e, given by the angular divergence of the beam, lead to an uncertainty in 6k and, consequently, to an uncertainty in energy as well. The energy resolution given by (1) can be written as
The overall energy resolution is best when both contributions, (&k/k)~ and (6k/k),, are minimized.
Crystal contribution
The contribution (6k/k)7 reflects the intrinsic quality of the crystal and is given by
as derived from (2). This contribution is minimized by using perfect crystals. The exact description for the scattering at perfect crystals involves dynamical scattering theory (Warren, 1969; Pinsker, 1978) and leads to
where ro = (e2/mc 2) is the classical electron radius, F(Q) is the structure factor and V is the volume of the unit cell. 6r, which can be easily expressed as the Darwin width, is a quantity characteristic for a given material and a given reflection. It is derived for an infinitely thick crystal in symmetric reflection and describes the range of total reflection; however, real crystals have a finite thickness. To take this into account we introduce (James, 1963) F= ( Tr/Zd) V/lF(Q)lro
As the thickness approaches F, a reflectivity of one is obtained at the center of 67; however, the reflectivity curve, better known as the Darwin curve, has strong side bands, so F can be regarded as a lower limit for the thickness of a perfect crystal. For the 777 reflection from Si, F = 0.25 mm. It is useful for the interpretation of 6z to call it the reciprocal of the penetration depth of the radiation, though this is not entirely correct because 6"r is a characteristic quantity reached only for infinite thickness.
The intensity of the scattering process varies with k as Iak 3/3 60&'ra/3 60&'r/cos3(eo), (7) where/3 stands for the beam divergence perpendicular to 60. A detailed discussion of the dynamical theory for near-backreflection diffraction can be found in Graeff & Materlik (1982) .
In Fig. 1 the intrinsic energy resolution for perfect collimation and for backscattering geometry is shown as a function of the X-ray energy for silicon Bragg reflections for energy up to 30 keV. Values of the energy widths for some reflections of the types hhh and h00 are marked. Because F(hhh)= e-Wf(Q) X 21/2 for odd h and F(hhh) = e-Wf(Q) x 2 for even h, the resolution for odd reflections is relatively better than that for even reflections [see (5)]. e-w is the thermal Debye-Waller factor.
The possibility to perform a backscattering experiment with ultra-high-energy resolution depends on the available photon flux of the source at the corresponding energy and of course on the quality, i.e. the degree of perfectness, of the monochromator and analyzer crystals. The diagram in Fig. 1 clearly demonstrates that an energy resolution better than 10 meV can be achieved using an Si reflection of the type hhh for h > 7.
3.3. Scattering geometry and crystal optics 3.3.1. Basic equations. According to (3) the second important contribution to the energy resolution is ((3k/k)~, which arises from the variation of the scattering angle and is, therefore, determined by the geometry of the scattering process.
For a beam with scatterifig angle e = eo + 6e the corresponding wavevector will be k = ko + ~k, with ko = k(eo). This deviation can be derived from (2) using a Taylor expansion:
(Sk/k)~= taneore + (2tan2eo + 1)~e2/2 + .... (8) For eo "~ 1, (8) can be further expanded. Neglecting higher-order terms one obtains (Sk/k),= eoae + ½6e 2.
The resolution is best when eo and 6e are minimized, which can be achieved by using backscattering geometry.
If t~k is the maximum angle of deviation from eo (6~ > 0), then the maximum and minimum scattering angles are given by The second equation is modified for eo < ~? because there is always one beam that is truly backscattered in this case. The behavior of these extreme values emax and E.rnin is shown in Fig. 2 in a plot of the scattering angle as a function of eo.
The variation of the angle e leads to a variation of the scattered wavevector between kmax = ko + t~k(emax) and kmin--ko + 8k(emin). With the help of (9) and (10) (12) The influence on the energy resolution is given by
and the result can be written as f2eor?
for eo -> iS? (14) (~3E/EL= [ ~ +eork+ )aga otherwise. deviations lead to a linear change of the energy resolution. Therefore, only very small deviations from backscattering can be allowed. In the case of true backscattering with e0 = 0, the result
is obtained.
3.3.2. Contribution due to demagnification. The experimental arrangement described so far has to be combined with focusing devices to give an increase in the photon flux in order to perform a successful scattering experiment. In this case spherically bent crystals are used to focus the X-ray beam. The image of a point source of X-rays, focused by a spherically bent crystal with radius R (Fig. 4) , is given by
with L and l being the distances from the crystal to the source and to the image, respectively. The scattering angle e0 is given by eo = d/2l. The demagnification ratio is given by the ratio l:L. For the indicated case of l < L, the variation of the scattering angle e due to the imaging geometry can be described by ~EI, the maximum deviation from e0. It can be expressed by
where D is the diameter of the spherical crystal. This deviation leads directly to the corresponding energy resolution, as we have described before. One special case should be mentioned. If l approaches L, i.e. 1:1 imaging, then 6~;= 0 and (6E/E)~ = 0, regardless of the crystal dimension D and the angle eo.
In a scattering experiment with spherical focusing, it is not sufficient to discuss the energy resolution within only one scattering plane, for instance the plane with direct backscattering geometry; which for the instrument INELAX is the horizontal plane. Additional information from another scattering plane, i.e. the vertical one, is important to describe the complete energy-resolution volume, provided d is not equal to 0. In this plane, there is always deviation from backscattering. The reason lies in the velocity of light of the photons, which is in contrast to a neutron scattering experiment where direct backscattering can be achieved in all scattering planes.
3.3.3. Contribution due to finite source and crystal size. The energy resolution is also affected by the finite size h of the source and the monochromator and analyzer, which are cut into crystal blocks of size w. Both contributions together lead to the divergence
The energy resolution is then given by replacing 6~ in (14) by (6~,. + 6~),/2
Instrumental principle
The spectrometer for inelastic X-ray scattering uses its main elements -the monochromator and the analyzer-in near-backreflection geometry. They both contain focusing arrangements with perfect crystals. Each crystal is grooved to reduce the strains caused when the crystal is bent to the required radius. In using this technique, a thin backwall takes up the strains and leaves cubes of almost perfect material on the surface.
The variation of the energy transfer for inelastic scattering of X-rays with such an instrument could have been achieved by variation of the scattering angles. However, by fixing the scattering angles of the instrument and changing the energy transfer simply by varying the lattice parameter of the analyzer crystal by changing its temperature, the energy resolution remains unchanged. High-purity silicon has a thermal expansion coefficient of 6a/a = 2.6 x 10-6~T (Becker & Siegert, 1982) ; therefore, a temperature step of about 0.03 K allows an energy variation of about 1 meV with a primary energy of 13.8 keV. (Further details in §5 and paper II of this series.)
In high-resolution inelastic X-ray scattering, a constant scattering-angle scan keeps a fixed momentum transfer and, thus, represents a constant-Q scan.
tubes to reduce intensity losses due to absorption loss along a distance of 60 m. The important geometrical distances used so far at INELAX are shown in Table 1 .
This geometrical design is used to calculate the different contributions to the energy resolution of the spectrometer listed in Table 2 .
The instrument INELAX
At the DORIS II storage ring of HASYLAB at DESY, Hamburg, we have built the inelastic X-ray scattering spectrometer INELAX in several steps of development since 1984. A schematic view of the instrument is shown in Fig. 5 . This set-up was installed at a DORIS beam port using the radiation from a bending magnet and later moved to the wiggler line W2 (HARWI).
The cross section of the white beam of photons is limited by a pair of slits (I). The premonochromator (II) selects from the synchrotron-radiation spectrum a narrow energy bandwidth centered at E= 13.8 keV. The beam divergence is not limited by the premonochromator. This beam is backscattered and focused onto the sample (V) by the main monochromator (III). Another pair of slits (IV) defines the beam cross section, rejects radiation with false energy and stray radiation. The sample is mounted on a special Huber diffractometer with a horizontal axis. The analyzer and the detector are mounted on a large special detector arm. The analyzer crystal collects the scattered radiation from a specific solid angle in backscattering geometry and focuses it onto a pinhole (VII) in front of the detector (VIII). The pinhole rejects radiation of wrong energies due to imperfections of the analyzer. The detector is an ion-implanted Si diode working just below room temperature, with an energy resolution of about 15%. Most of the beam line is enclosed in vacuum 
Performance of the main components 4.1.1. Premonochromator. The use of a premono-
chromator is essential to take the heat load of the white synchrotron beam off the main monochromator. Uncontrolled heating of the monochromator leads to gradients in the lattice constant, which destroys the intrinsic energy resolution of the main monochromator crystal. By using a premonochromator the temperature of the main monochromator can be stabilized well. The premonochromator operating in the vertical plane should transmit the full vertical divergence for the wavelength which is diffracted with high resolution by the monochromator. The vertical divergence of a synchrotron beam has two components, one 80R depending on the energy (y = Eel/mc 2) and on the characteristic wavelength Ac of the emitting device,
and the other arising from the vertical divergence 80e~ of the electron beam at the emitting device. For --0'89 A and DORIS operating at 3.7 GeV one obtains a total vertical divergence 
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The Darwin widths in symmetric reflection from the Ge 111 and Ge 220 reflections are 4.4 x 10 -s and 5-5 x 10-s rad, respectively. Values corresponding to Si are roughly a factor of 0.44 smaller. A higher divergence than the Darwin width (in symmetric reflection) can be transmitted by a double monochromator, where both crystals are asymmetrically cut. If the angle between the incident white radiation and the surface of the first crystal is reduced, a larger divergence for one given wavelength can be accepted. After the second reflection, the outgoing divergence is the same as the incoming one. This set-up has the shortcoming that the radiation between the two crystals has a smaller divergence than in the symmetric case, therefore the crystal must be highly perfect and precisely aligned. The performance of the premonochromator crystals (Ge 220) is not yet optimal. The problems became obvious in test experiments at the wiggler station. Tests with an infrared camera (S. Mourikis, HMI Berlin) showed temperature gradients in the range of degrees across the crystal surface. Another indication is the time dependence of the intensity just after opening the beam shutter. The intensity measured by the beam monitor device, installed in front of the sample, runs through a maximum and then stabilizes at a lower value. The reason for this behavior is seen in thermal strains during the instantaneous heating of the first monochromator element by the white beam. This process disturbs and broadens the rocking curve of the crystal. A reduction in the overlap with the Darwin width of the second crystal is the result. We conclude that the enormous heat load of the wiggler beam requires improvements of the cooling, despite the use of a water-cooled mounting of the crystal. Additional flooding of the surface of the Ge crystal with a nitrogen gas stream has led to an intensity gain of a factor of three.
Main monochromator.
The main monochromator consists of a grooved Si crystal ([111] normal to the surface). In order to focus the intensity onto the sample, these crystals are bent in either one or two dimensions. In the first version of INELAX, a triangle-shaped grooved crystal was used for horizontal focusing. The crystal was mounted to allow variable bending. Later, spherical bending techniques were used with crosswire grooved Si discs. Owing to the variable distance of the monochromator to the sample a device for spherical bending was developed (Fig. 6 ). The Si discs (100 mm diameter) are 1.2 mm thick and grooved to obtain cubes of 1 × 1 mm on a 0.2 mm backwall. With the aid of two concentric rings (I, II) the Si disc (III) is bent to the desired radius (Table 1) . A motor (IV) and a tunable piezocrystal device (V) are used for rough and fine alignment, respectively. The present performance of the monochromator is demonstrated in Fig. 7 . It shows the intensity distri- bution, obtained by scanning a pinhole over the area of the focus. 90% of the intensity is focused within an area of 1 mm 2, thus giving a satisfactory effectivity. Slight inhomogeneities of the grooves are seen as the main reason for the observed intensity distribution.
4.1.3. Analyzer. At the analyzer position it is not possible to use a bending device because of the temperature variation during the measurements. Therefore we decided to use a permanent spherically bent crystal at this position. The crosswise grooved Si disc (75 mm diameter) is pressed into a concave glassform and stabilized by glue, a technique which is still under improvement. In the experiments described here, the analyzer had a focus distance of 2m.
by strains. This contribution could be avoided in further tests by filling the grooves of the crystal with an absorbing mixture of glycerine and Ta powder (Burkel, Dorner, Illini & Peisl, 1989) . Fig. 9 shows an energy scan of a 002 graphite reflection collected with a horizontally bent monochromator crystal installed. This scan clearly shows another contamination at higher temperatures. This additional intensity is not caused by strains in the backwall visible at the bottom of the grooves in the monochromator crystal. This was tested by shielding these parts of the crystal and the use of an ungrooved monochromator crystal. Optical tests of the analyzer crystal prove that the surface is not
Energy resolution
The energy resolution of the instrument was tested in each phase of the development. The best energy resolution was obtained by the combination of a flat silicon crystal as monochromator and a spherically bent crystal as analyzer. At that time there was no premonochromator installed. The test experiment was performed after the temperature of the monochromator became stable. At that point it could be regulated by the control unit, despite the heat load of the white beam. The sample was pyrolytic graphite, mounted to excite the 004 Bragg reflection. The lattice parameter of the analyzer with respect to that of the monochromator was varied by changing the temperature of the analyzer to perform an energy scan. The result for such a scan on the elastic scattered intensity of the 004 reflection is given in Fig. 8 . The measured halfwidth of 0.31 K corresponds to ~E = 11 (3) meV using the thermal expansion coefficient mentioned before.
The distinct asymmetry of the intensity profile, shown in Fig. 8 , can be explained by an additional intensity distribution at lower temperature. The origin of this intensity lies in the grooves of the analyzer, where the lattice spacing is slightly enlarged homogeneously bent. In areas of the crystal where inhomogeneities of the grooves or uneven glueing might exist, the crystal may be bent in a convex manner, which may cause a diminished lattice spacing, so that an intensity contribution shows up at higher analyzer temperatures. The resolution shown in Fig. 8 does not represent the resolution of the complete analyzer area. The reason is that a Bragg peak only illuminates a fraction of the analyzer crystal. Therefore the values given in Table 2 cannot be applied in this case. In order to test the complete instrumental resolution the whole analyzer area was illuminated with a fused silica sample as an amorphous scatterer to record and optimize the instrumental resolution further on. Fig. 10 shows the elastically scattered intensity of fused silica as a function of temperature difference recorded at the earlier INELAX spectrometer at the bending magnet. The temperature halfwidth of 6T = 1.3 (2)K corresponds to an energy width of 6E= 48 (7) meV.
The observed energy resolution is worse than the expected resolution derived above. The reason is seen mainly in the performance of the analyzer crystal.
Thus, the intrinsic resolution of the focusing elements and not geometrical limitations is the limiting factor to further improvements of the energy resolution.
Inelastic X-ray scattering
The first successful attempts to obtain inelastic resolved X-ray scattering with the instrument INELAX were performed with a pyrolytic graphite sample because of its high-energy optic modes by Burkel, Peisl & Dorner (1987) and later with a beryllium sample by Dorner, Burkel, Illini & Peisl (1987) . As was stated in §3.5, energy scans are performed as constant-Q scans. In these scans all scattering angles are kept fixed and only the temperature of the analyzer with respect to the temperature of the monochromator is changed. Because of this procedure, a calibration of the instrument INELAX is necessary to obtain correct values for the energy transfers in the inelastic scattering process.
The calibration of the zero energy transfer is made by a constant-Q scan using the elastic scattering intensity at a Bragg position. This scan is always performed with the same speed of temperature variation as that used for the phonon scans later. The zero points for energy transfer and the temperature difference between monochromator and analyzer may not coincide. The reason for this lies in the different Bragg angles at the analyzer and the monochromator and of course in differences in the temperature sensors. These quantities can be taken into account by a calibration factor c. The correlation of the energy transfer AE and the temperature variation AT is again derived with the help of the thermal expansion coefficient a of Si at room temperature and the X-ray energy E0 by AE= aEoAT + c.
(21)
The energy scale found in this way is used for the interpretation of the inelastic runs of the instrument.
As an example, in Fig. 11 the inelastic spectrum of a constant-Q scan at Q = 0,0,2.3 for a beryllium sample is shown. The scattering intensity is given as a function of the temperature difference and the correlated energy transfers according to (18) . The maximum at AE= 51 (6)meV corresponds to the energy of a longitudinal acoustic phonon in beryllium. This value is in good agreement with results known from inelastic neutron scattering (Stedman, Amilius, Pauli & Sundin, 1976) , despite the enormous resolution volume in the X-ray scattering experiment. AT [KI Fig. 11 . The scattering intensity at Q = 0,0,2-3 for beryllium as a function of the temperature difference and the corresponding energy transfer. The drawn line is a guide to the eye.
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Concluding remarks
The instrumental set-up of INELAX has shown that the application of the principles of near backscattering of X-rays allows high-energy-resolution experiments. The stronger intensity of the HARWI wiggler line compared with that of the bending magnet in the first generation of INELAX allows further development in the field of inelastic X-ray scattering.
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